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C BY-NC-NAbstract Raw bentonite (RB) from Saudi Arabia was grinded at different time (30, 60 and
120 min) to evaluate stability changes of bentonite suspension due to induced progressive mechan-
ical grinding. The mean particle size as well as the surface area and the zeta-potential (f) of the
ground samples (G30, G60 and G120) were analyzed. Using the zeta-potential values, the maximum
total interaction (VT/kTmax) between bentonite particles were calculated using DLVO theory to
study the effect of grinding time on the stability of bentonite suspensions. The zeta potential of ben-
tonite suspension in presence of different NaCl concentration was also investigated before and after
mechanical grinding.
With increasing grinding time the bentonite retained its crystalline structure as indicated from
FTIR spectroscopy experiments. A reduction in the mean particle size of bentonite leading to
increasing the speciﬁc surface and the f-potential by grinding continued up to about 60 min. After
60 min of grinding (120 min), the mean particles size increased, so the surface area and the zeta
potential decreased as a result of particles starting a reaggregation process in which adhesion forces
act. The zeta potential of ground bentonite suspension (G30, G60 and G120) in the presence of dif-
ferent concentrations of NaCl has higher values compared to RB. As the time of grinding increases,
the (VT/kTmax) increases from 1102 for RB suspension to 2476 KT for G60 suspension; that is, the
maxima of the total interaction energies increases  2.5 times more than that of the RB suspension.
In conclusion the grinding of Saudi bentonite is easier to make down as a stable suspension than14772245.
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Saud University.
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D license.
362 W.K. Mekhamerraw bentonite and that it displays better physical and chemical properties for new application pur-
poses.
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Particle size reduction has been usually obtained by grinding.
Mechanical treatments are of great importance in the prepara-
tion and processing of raw materials. Many applications of
clay minerals depend on their particle size and surface proper-
ties (Addai-Mensah and Ralston, 2005; Derkowski et al., 2006
and Marwa et al., 2009). Bentonites clay are widely used in sev-
eral industrial applications, such as foundries, petroleum dril-
ling, civil engineering, catalysis, environmental remediation
and animal feed, due to their high speciﬁc surface area, cation
exchange capacity and swelling capacity related to the absorp-
tion of both water and organic molecules (Vdovic´ et al., 2010).
From the materials science point of view, montmorillonite and
other clay minerals can be considered as natural nanostruc-
tured materials having size dependent properties. Recently,
great attention has been paid to the study of structurally mod-
iﬁed clay minerals after mechanical deformation via planetary
ball milling because it induces physical and chemical changes
in the treated materials that can be exploited either to enhance
known properties, or for new application purposes. Most
studies report the structural and textural changes of kaolinite
(Sa´nchez-Soto et al., 2000; Frost et al., 2001; Horvath et al.,
2003), talc (Godet-Morand et al., 2002; Perez-Maqueda et al.,
2005) and montmorillonite (Christidis et al., 2004; Dellisantiand
and Valdre´, 2005). It was noted that the decrease of particle size
can inﬂuence the thermal behaviour of kaolinite, (Franco et al.,
2003 and of pyrophyllite Perez-Rodriguez et al., 2006).
In our previous work (Mekhamer, 2010), we used sonica-
tion technique to produce particle size reduction on Saudi ben-
tonite. The stability of its suspension was signiﬁcantly modiﬁed
due to the application of ultrasound with rending its particle
size. The stability of Saudi bentonite suspension was signiﬁ-
cantly modiﬁed due to the application of ultrasound with rend-
ing the particle size of the bentonite. Extension for this work,
the inﬂuence of grinding on the stability of Saudi bentonite
suspension was investigated through measuring zeta potential
(f). It has long been recognized that f-potential is a very good
index of the magnitude of the repulsive interaction between
colloidal particles, so the measured f-potential was used to ap-
ply DLVO theory to predict the stability of bentonite before
and after grinding.
2. Experimental
2.1. Material
A raw bentonite was collected from Kholais region in Saudi
Arabia and grinded in our laboratory. Sodium chloride salt
(BDH) NaCl was used. The pH adjustments were carried on
by using 0.5 HCl or 0.1 M NaOH.
The mineralogical and crystallographic data were obtained
in previous work (Mekhamer, 2010) by powder X-ray diffrac-
tion (XRD). The dominant components were montmorillonite
(35.22%), kaolinite (13.33%), mica (22.8%), quartz (8.57%),feldapars (6.66%), ilmenite (5.714%). The remaining compo-
nents were dolomite (3.81%) and gypsum, calcite (3.81%).
2.2. Grinding of bentonite
The raw bentonite (RB) was grinded in quartz mortar at differ-
ent time, 30, 60, and 120 min and the bentonite samples after
grinding were labeled as G30, G60 and G120, respectively.
2.3. Surface area
The speciﬁc surface area (SSA) of RB, G30, G60 and G120 was
estimated following Sears’ method 28 (Sears, 1956). A quantity
of 0.5 g each bentonite samples was acidiﬁed with 0.1 N HCl to
pH 3–3.5. The volume was made up to 50 ml with distilled
water after addition of 10.0 g of NaCl. The titration was car-
ried out with standard 0.1 M NaOH in a thermostatic bath
at 298 ± 0.5 K to pH 4.0, and then to pH 9.0. The volume,
V, required to raise the pH from 4.0 to 9.0 was noted and
the surface area was computed from the following equation:
S ðm2=gÞ ¼ 32V 25 ð1Þ2.4. pH measurement of the bentonite suspension
To study the effect of grinding time on the pH of bentonite
suspension, the pH of the suspension was measured by PH me-
ter (Mettler Toledo-MP 220). The pH of the bentonite suspen-
sions was measured after vigorous stirring with a glass rod
until the pH of the suspension became constant, which may
take about 3 min.
2.5. Zeta potential measurement
Zeta potential of the bentonite samples before and after grind-
ing was measured by Zeta metre 3.0, Zetametre (USA). For
each individual bentonite suspension, 1% of the bentonite sus-
pension was prepared in a container at natural pH. The zeta po-
tential was measured at natural pH. Each data point was an
average of approximately 10 measurements. All measurements
were made at ambient temperature. Zeta potential measure-
ments were also performed to determine the effect of grinding
time on the zeta potential and consequently the stabilization
of bentonite suspension in the presence of different concentra-
tion of NaCl ranged from 1 · 103 to 1 · 105 mol/L.
3. Results and discussions
3.1. Effect of grinding time on IR spectra of bentonite
Fig. 1 display the FTIR spectra of raw bentonite and bentonite
samples that ground at different time 30, 60, and 120 min. No
signiﬁcative differences in the features of FT-IR spectra
recorded were found between raw bentonite (Fig. 1) and
grinded bentonite at different time (B30, B60 and B120). This
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Figure 1 IR spectra of raw bentonite, G30, G60 and G120 at 4000–400 cm
1 regions.
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iﬁcation. With increasing grinding time an increase of bands
intensity [the OH stretching band at 3624 cm1 and bending
bands at 918 cm1 (AlAlOH) and 876 cm1 (AlFeOH)] was
detected comparing raw with bentonite (RB). They all showed-40
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Figure 2 Zeta potential of raw bentonite and G120 as a function
of pH of bentonite.a rapid increase in the intensity with increasing grinding time
up to 60 min of grinding. This effect was related to the increase
of water adsorption as a result of increasing the speciﬁc surface
area of bentonite taking place with grinding up to 60 min by
progress of grinding the intensity of the bands decrease (spec-
trum of G120) indicating to decrease the surface area due to
aggregation of bentonite particles and consequently decreasing
the adsorption of water.
Our results disagree with pervious work (Dellisantiand and
Valdre´, 2005) for bentonite, Xia et al. (2010) for montmoril-
lonite and by Mako´ et al. (2001), Vdovic´ et al. (2010) and Sa´n-
chez-Soto et al. (2000) for kaolinite. They observed on
prolonged milling grinding, a substantial structural deforma-
tion and alteration occurs, followed by the transformation of
the crystalline structure into an amorphous phase.
3.2. The effect of grinding time on the pH and point of zero
charge of the of the bentonite suspension
Fig. 2 shows the relation between pH and the zeta potential of
bentonite suspension before and after 120 min of grinding
time. This was compared with the point of zero charge
(PZC) of the RB suspension. As seen from Fig. 2, grinded
bentonite changes the PZC from approximately pH 3 for
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Figure 4 Speciﬁc surface area of bentonite as a function of
grinding time.
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Figure 5 Zeta potential of bentonite suspension as function of
grinding time.
364 W.K. Mekhamerraw bentonite suspension to pH 2.3 for G120 suspension. Such
behavior can be explained by increasing the surface area and
consequently the negative surface charges of bentonite parti-
cles after grinding. This behavior leads to increase the proton-
ation process and shift the ZPC to be in more acidic medium.
Fig. 3 shows the results of pH measurements at different grind-
ing times. The pH decreased with increasing the grinding time.
This is consistent with the pervious work (Milonjicc´, 1987;
Davis et al., 1978). The decrease of the suspension pH can
be attributed to the adsorption of OH ions from solution
onto the positive sites on the bentonite surface like in broken
bonds as a result of grinding process.
3.3. Effect of grinding on the surface area of bentonite
The initial speciﬁc surface areas (SSA) of raw bentonite were
26.8 m2/g, and increased with increasing ground time as a re-
sult of size reduction (Fig. 4). The maximum speciﬁc surface
area was obtained after approximately 60 min of grounding
(39 m2/g). Prolonged grounding decreased the SSA. Above this
time the particles became more agglomerated, and the surface
area decreased as a consequence of the enhanced surface en-
ergy of the grinded particles (Dellisantiand and Valdre´, 2005;
Dellisanti et al., 2006 and Vdovic´ et al., 2010). It was found
a good correlation between the results of surface area and
the result of IR spectra.
3.4. Effect of grinding on stability of bentonite suspensions
It has long been recognized that f-potential is a very good in-
dex of the magnitude of the repulsive interaction between col-
loidal particles. Measurements of f-potential are commonly
used to assess the stability of colloidal and particle size pro-
duced by grinding. The stability of bentonite suspensions be-
fore and after grinding was investigated through measuring
the zeta potentials of bentonite suspensions as a function of
grinding time (0, 30, 60, and 120 min). The results of the zeta
potential are given in Fig. 5. Experimental data showed that:
as the time of grinding increases (0–60 min), the zeta potential
became more negative with respect to the suspension before
grinding. The initial zeta potential value for the raw bentonite
(RB) was 30 mV, and it reached their maxima (45 mV)
after 60 min of grinding. Further grinding (120 min) caused a
signiﬁcant decrease of the zeta potential values, reaching
values of approximately 29 mV. This means that a maximum7.6
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Figure 3 Effect of grinding time on the pH of the bentonite
suspension.stable suspension was obtained at 60 min of grinding where
the repulsive forces of the clay particles precede the attraction.
This behavior correlated with the trend of the surface area
(Fig. 4).
The variation of zeta potential of bentonite suspensions
(raw bentonite, G30, G60 and G120) in 0; 1 · 105, 1 · 104
and 1 · 103 mol L1 NaCl solutions was shown in Fig. 6.
From Fig. 6, the zeta potential of the bentonite suspension
(G30 and G60) at any NaCl concentration was higher than
the corresponding values for the raw bentonite. These results-50
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Figure 6 Zeta potential of raw bentonite, G30, G60 and G120 at
different NaCl concentration.
Table 1 Maxima of stabilities of the bentonite suspensions
(raw bentonite, G30, G60 and G120) for (VT/kTmax) DLVO
theory.
Bentonite samples Raw bentonite G30 G60 G120
VT/kTmax 1102 1919 2475.8 1333.8
Stability changes of Saudi bentonite suspension due to mechanical grinding 365indicated that the stability of bentonite was increased with the
grinding process.
The stability of the bentonite suspension is directly depen-
dent on how the particles interact during the collision mo-
ments. If the attractive van der Waals forces dominate, the
particles attract one another during the particle collisions,
and the dispersion ﬂocculates. The DLVO theory is widely
used to calculate the balance between the repulsive and attrac-
tive forces that act when two particles approach each other. In
the DLVO theory, the total interaction energy VT is the sum of
the attractive interaction energy VA and the repulsive interac-
tion energy, VR (Rosen, 1978):
VT ¼ VA þ VR ¼  Aa
12H
þ 2peaf2 ln½1þ expðjHÞ ð2Þ
where A is the Hamaker constant, a is the particle radius (the
radius of the bentonite particles a was determined using a zeta-
sizer apparatus whose principle is based on the light scattering
through bentonite suspension). H is the distance between two
particles, e is the medium permittivity, f is the zeta potential of
the bentonite suspension and j is the Debye–Hu¨ckel parame-
ter. The Hamaker constant considered for these calculations
was 6 · 1020 J which is the most probable value montmoril-
lonite aqueous suspensions (Helmy, 1998). The average diam-
eter of the particles was 4, 1, 0.6 and 2.8 lm for raw bentonite,
G30, G60 and G120, respectively.
The total interaction energies (VT/kTmax) curves versus the
distance between two particles (H) for DLVO theories were
presented in Fig. 7. The maxima of the total interaction ener-
gies (VT/kTmax) calculated with DLVO theories were reported
in Table 1. As the time of grinding increased (0–60 min), the
(VT/kTmax) increased from 1102 (RB suspension) to 2476 KT
(G60 suspension), and the total interaction energies increased
2.5 times more than that of the raw bentonite suspension with-
out grinding. This increase in the VT/kTmax reﬂected the in-
crease in the repulsion energy as a result of reduction of
particle size and consequently increasing surface area. There-
fore, the repulsion energy overcame the attraction energy,
and the clay particles became far to one another. This means,
the systems under these conditions were stabilized. With pro-
gress in grinding process (120 min), the maxima of the total
interaction energies (VT/kTmax) decreased to 1333 KT. At that
stage, the particles repelled each other less effectively and the
aggregation was favored.-2000
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Figure 7 DLVO total interaction energy curves obtained using
the zeta potential of bentonite suspensions at different grinding
time, raw bentonite, G30, G60, and G120. The Hamaker constant is
6 · 1020 J.4. Conclusion
The results obtained in this study showed the intensive
physical disintegration of the Saudi bentonite by hand grind-
ing, i.e., particle size reduction and speciﬁc surface area and
structural changes, accompanied by changes of the surface
properties.Acknowledgment
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